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ABSTRACT
We report on an X-ray and optical/UV study of eight Broad Absorption Line (BAL)
to non-BAL transforming quasars at z ≈ 1.7–2.2 over 0.29–4.95 rest-frame years with
at least three spectroscopic epochs for each quasar from the SDSS, BOSS, Gemini , and
ARC 3.5-m telescopes. New Chandra observations obtained for these objects show their
values of αox and ∆αox, as well as their spectral energy distributions, are consistent
with those of non-BAL quasars. Moreover, our targets have X-ray spectral shapes
that are, on average, consistent with weakened absorption with an effective power-law
photon index of Γeff = 1.69+0.25−0.25. The newer Gemini and ARC 3.5-m spectra reveal
that the BAL troughs have remained absent since the BOSS observations where the
BAL disappearance was discovered. The X-ray and optical/UV results in tandem are
consistent with at least the X-ray absorbing material moving out of the line-of-sight,
leaving an X-ray unabsorbed non-BAL quasar. The UV absorber might have become
more highly ionized (in a shielding-gas scenario) or also moved out of the line-of-sight
(in a wind-clumping scenario).
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1 INTRODUCTION
Outflows from Active Galactic Nuclei (AGN) are an integral
part of the environment around the central engine driving
the activity. Their near universality in AGNs indicates that
mass ejection is associated with or even essential for ac-
cretion onto the central supermassive black hole (SMBH).
Additionally, another critical role played by the outflows is
the feedback process of SMBHs into typical massive galax-
ies, which could lead to quenching of the star formation
? E-mail: sxx15@psu.edu
and growth of the SMBH, perhaps accounting for the ob-
served relationships between the SMBH mass and galaxy
bulge properties (e.g. King & Pounds 2015 and references
therein).
A robust indicator of outflows in luminous quasars is
the presence of UV Broad Absorption Lines (BALs). BALs
are seen as blue-shifted relative to the corresponding emis-
sion lines and have velocity widths in excess of 2000 km s−1
at absorption depths at least ten per cent below the con-
tinuum (e.g. Weymann et al. 1991); their strength is typ-
ically measured with the “balnicity index” parameter (BI,
see Equation 4). These features are considered to be gen-
© 2018 The Authors
ar
X
iv
:1
81
0.
03
62
5v
2 
 [a
str
o-
ph
.G
A]
  1
0 O
ct 
20
18
2 Sameer et al.
erated by high-velocity outflowing winds launched close to
the quasar’s SMBH. BALs are not ubiquitous in the spec-
tra of quasars; however, they are seen in ≈ 10–20 per cent of
the optically selected quasar population within the redshift
range 1.5 ≤ z ≤ 2.5 (e.g. Trump et al. 2006; Gibson et al.
2009; Allen et al. 2010). BAL quasars are classified into three
groups based on the observed transitions: High-ionization
BAL quasars (HiBALs) show only resonance transitions such
as C iv, S iv, and Nv; low-ionization BAL quasars (LoBALs)
exhibit lower-ionization lines such as Al ii, Al iii, and Mg ii in
their spectra in addition to the HiBAL features; iron low-
ionization BAL quasars (FeLoBALs) are LoBALs that also
possess Fe ii and/or Fe iii absorption lines (e.g. Hall et al.
2002).
The main driver of BAL outflows is believed to be ra-
diation pressure on the UV lines (e.g. Murray et al. 1995;
Proga et al. 2000) with a possible additional contribution
from magnetohydrodynamical forces (e.g. Konigl & Kartje
1994). A better understanding of the physical attributes such
as the structure and location of the outflows would serve to
ascertain if outflows indeed are a feasible mechanism to in-
duce feedback in their host galaxies. BAL variability serves
as one handle to infer the properties of these outflows. BALs
can vary in strength, velocity shift, and profile shape. The
causes for variability are severalfold, e.g., variations in the
amount of radiation received by the gas which could be due
to intrinsic variations of the source or due to “shielding-gas”
variations (e.g. Filiz Ak et al. 2012, 2013), or bulk motion of
the outflowing gas (e.g. Lundgren et al. 2007; Gibson et al.
2008; Hall et al. 2011; Vivek et al. 2012; Capellupo et al.
2013).
BAL variability spans a broad temporal scale, rang-
ing from timescales of years (e.g. Filiz Ak et al. 2013) to
as little as ≈ 1.2 days (e.g. Grier et al. 2015). The short-
term variability places constraints on the absorbing mate-
rial’s distance from the central SMBH, while studies on long-
term timescales (e.g. Filiz Ak et al. 2013) have shown that
C iv BAL variability is found across a broad range of outflow
velocities, variability of multiple troughs of the same ion fre-
quently happen in a coordinated manner, and importantly,
the Equivalent Width (EW) and fractional EW variations of
C iv and S iv BAL troughs increase with sampled rest-frame
time-scale.
An equatorial accretion-disk wind model is frequently
invoked to explain BAL-quasar outflows. In this model, the
wind is launched from the disk at ∼ 1016–1017 cm (Mur-
ray et al. 1995; Proga et al. 2000) and BALs are generally
seen when the system is observed at large inclination an-
gles, so the line-of-sight of the observer intersects the wind
(e.g. Risaliti & Elvis 2010; Filiz Ak et al. 2014; Leighly
et al. 2015). The efficiency of line driving falls with the in-
creasing ionization state of the wind. To address the issue
of wind overionization, the model invokes “shielding-gas” to
prevent the wind from becoming too ionized by the X-ray
and extreme-UV (EUV) radiation from the innermost accre-
tion disk/corona.
In the shielding-gas model, AGNs with outflowing winds
should be X-ray weak due to X-ray absorption by the shield-
ing gas. Studies (e.g. Green & Mathur 1996; Brandt et al.
2000; Gallagher et al. 2002, 2006; Fan et al. 2009; Gibson
et al. 2009) have indeed demonstrated that BAL quasars
are typically X-ray weak; in some cases X-ray spectroscopic
studies directly show this X-ray weakness is due to X-ray
absorption. Furthermore, the level of observed X-ray weak-
ness is correlated with the absorption strength and maxi-
mum velocity of the UV C iv BAL (e.g. Gibson et al. 2009;
Wu et al. 2010), indicating that the X-ray absorption indeed
affects the properties of the UV wind. X-ray absorption in
BAL quasars is complex; i.e., not just a simple photoelec-
tric absorption cutoff but an ionized or partially covering
absorber. The estimated hydrogen column densities are gen-
erally in the range 1022–5×1023 cm−2 (e.g. Gallagher et al.
2002, 2006). Notable variability of X-ray absorption in a
few BAL quasars has been detected on timescales of years
(e.g. Gallagher et al. 2004; Miller et al. 2006; Chartas et al.
2009; Saez et al. 2012), suggestive of the dynamical nature
of shielding gas which might be subject to rotational and
inward/outward translational motions.
Another school of thought (e.g. Junkkarinen 1983; Wey-
mann et al. 1985; Hamann et al. 2013) explains the obser-
vations based on clumping of the wind; such local density
enhancements could significantly reduce the ionization pa-
rameter of the plasma without the need for shielding gas or
large total column densities. Baskin et al. (2014) discuss the
framework of a highly clumped wind considering the effects
of radiation pressure confinement.
Hitherto, key sample-based studies that have addressed
the issue of BAL disappearance include the works of Filiz Ak
et al. (2012), McGraw et al. (2017), and De Cicco et al.
(2018). Filiz Ak et al. (2012) presented the first statistical
analysis of C iv BAL disappearance using 19 objects ob-
served on 1.1–3.9 yr rest-frame timescales. These objects
were selected from a sample of 582 BAL quasars that were
drawn from a project making use of data from the Sloan
Digital Sky Survey-I/II (henceforth SDSS; York et al. 2000)
and the SDSS-III Baryon Oscillation Spectroscopic Survey
(BOSS; Eisenstein et al. 2011; Dawson et al. 2012) with
at least two epochs of observation for each source, allow-
ing comparison between them to investigate BAL variability.
They identified ten cases out of the 19 BAL quasars which
transformed from being BAL quasars in SDSS to being non-
BAL quasars in the BOSS; these were the first reported
examples of such transformations, hereafter referred to as
“transforming BAL quasars”. Moreover, they concluded that
BAL troughs that disappear tend to have small-to-moderate
EWs, comparatively shallow depths, and high outflow veloc-
ities.
McGraw et al. (2017) carried out an investigation of
C iv and S iv BAL disappearance and emergence using a
sample of 470 BAL quasars with rest-frame observing base-
lines ranging from 0.10–5.25 yr and at least three spec-
troscopic epochs for each source, from the SDSS, BOSS,
and Time Domain Spectroscopic Survey (TDSS; Morgan-
son et al. 2015), and report on the C iv and S iv variabil-
ity of 14 disappearing BALs and 18 emerging BALs. In a
recent study, which is the largest in terms of sample size,
De Cicco et al. (2018) performed an analysis of 1319 BAL
quasars and identified 30 transforming BAL quasars over
a rest-frame time-scale of 0.28–4.9 yr, and determined the
fraction of sources with disappearing BALs to be 5.1+0.7−0.6 per
cent. They estimate the average lifetime of a BAL along our
line of sight is ≈ 80–100 yr, which is in agreement with the
accretion-disk orbital time at distances of ≈ 0.1 pc. Other
previous studies of BAL appearance/disappearance, often
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focusing on single objects or just a few objects, include the
works of Junkkarinen et al. (2001), Ma (2002), Lundgren
et al. (2007), Hamann et al. (2008), Leighly et al. (2009),
Krongold et al. (2010), Hall et al. (2011), Capellupo et al.
(2012), Vivek et al. (2012), Zhang et al. (2015), Saturni et al.
(2016), Vivek et al. (2016), and Lu et al. (2018).
In this paper, we analyze and interpret exploratory
Chandra X-ray observations of a sample of eight radio-
quiet quasars that have undergone transformations from
being BAL quasars in SDSS to being non-BAL quasars in
the BOSS. In addition, we acquired contemporaneous opti-
cal/UV spectra of these eight sources with the Gemini and
ARC 3.5-m telescopes. A multi-wavelength perspective on
these transforming BAL quasars can provide crucial clues
about their nature.
The paper is organized as follows: in Section 2, we
present the details of sample selection, the target quasar
properties, and details of their observations; in Section 3
we describe the Chandra X-ray data analysis, the opti-
cal/UV spectral reduction process, and the method used
to probe C iv BAL disappearance; in Section 4 we present
the results and discuss our findings. We conclude in Sec-
tion 5 by summarizing our results and discussing future
prospects. Throughout this work, we assume a cosmology
with H0 = 70 km s−1 Mpc−1, ΩM = 0.3, and ΩΛ = 0.7. The
EWs and times are in the quasar rest frame unless otherwise
noted.
2 SAMPLE SELECTION, SAMPLE
PROPERTIES, AND OBSERVATIONS
2.1 Sample selection and properties
The targets of interest in the current study are the eight
radio-quiet transforming BAL quasars presented by Filiz Ak
et al. (2012); the other two transforming BAL quasars from
the Filiz Ak et al. (2012) sample were radio loud. They
were chosen from a sample of 582 SDSS BAL quasars hav-
ing rest-frame multi-year optical/UV spectroscopic cover-
age and represent some of the most exceptional BAL vari-
ations found within this large sample. These BAL quasars
showed the disappearance of C iv and all other troughs seen
in SDSS-I/II when juxtaposed with the later and higher
quality SDSS-III BOSS spectra.
The transforming BAL quasars in this study have red-
shifts of z= 1.72–2.24 with an average redshift of 1.94. The
redshifts and absolute i-band magnitudes of these targeted
quasars are compared to those of the 29,580 BAL quasars
from the SDSS DR12 quasar catalog (Paˆris et al. 2017)
in Fig. 1. Our targets belong to the category of HiBALs,
as they have C iv BALs but do not have any BALs from
lower-ionization species present in their original SDSS-I/II
observation spectra. Their C iv BAL troughs generally show
small-to-moderate EWs, relatively shallow depths, and high
outflow velocities as indicated in Table 1. All of these quasars
have spectra that provide complete coverage of the C iv re-
gion.
Our targets have bright optical fluxes in the range
mi = 18.0–18.7 permitting suitably sensitive Chandra obser-
vations to be obtained economically. The basic X-ray, op-
tical, and radio properties for these sources are listed in
Table 2.
0 1 2 3 4 5
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Chandra Cycle 16 transforming BAL quasars
SDSS DR12 BAL quasars
Figure 1. The stars indicate the redshifts and SDSS absolute
i-band magnitudes of the eight transforming BAL quasars in our
study. For comparison, the gray dots represent the 29,580 BAL
quasars from the SDSS DR12 quasar catalog (Paˆris et al. 2017).
2.2 Chandra observations
The Chandra observations of our eight transforming
BAL quasars were performed between 2015 March 16 and
2016 February 09, using the Advanced CCD Imaging Spec-
trometer (ACIS; Garmire et al. 2003) spectroscopic array
(ACIS-S). Our targets were placed on the back-illuminated
S3 detector for high-resolution imaging, following standard
practice. VFAINT mode was used to minimize the particle
background and help distinguish between true X-ray events
and events that are most likely associated with cosmic rays.
The exposure times for our targets were 2.54–4.91 ks and
were set to obtain highly significant detections provided our
targets have αox ≥ −1.9, which corresponds to the targets be-
ing up to ≈ 5 times weaker in X-rays than expectations for a
typical (non-BAL) radio-quiet quasar of similar optical/UV
luminosity.2 In these calculations, the standard αox–L2500 A˚
correlation (e.g. Just et al. 2007, hereafter J07) was adopted.
These calculations also accounted for the time-dependent
degradation of the ACIS-S low-energy quantum efficiency.
A summary of the Chandra observations of our targets is
presented in Table 3.
We have furthermore searched for sensitive archival
X-ray observations of our targets performed prior to the
Chandra observations. No such observations exist.
2.3 Optical/UV observations
Prior to this study, the transforming BAL quasars had
optical/UV spectral observations from SDSS-I/II and the
SDSS-III BOSS. We obtained additional data from the
Gemini and ARC 3.5-m telescopes for these sources in or-
2 The X-ray-to-optical power-law slope, given by
αox =
log( f2 keV/ f2500 A˚)
log(ν2 keV/ν2500 A˚)
(1)
Also, ∆αox is defined as
∆αox = αox(measured) − αox(expected) (2)
The expected value of αox for a typical radio-quiet quasar is calcu-
lated from the established αox–L2500 A˚ correlation given as Equa-
tion (3) of J07.
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Table 1. Optical/UV spectroscopic observations of transforming BAL quasars
Object Name Facility Plate-MJD-Fiber Observation BI EW(1σ) Velocities Max Depth Difference in days Status
(J2000) Date (km s−1) (A˚) (Max,Min) X-ray & Optical
(km s−1) (Rest frame)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)
074650.59+182028.7 SDSS 1582-52939-95 2003-10-27 1260 9.05(0.21) (−24875, −17526) 0.33 1514.04 First observation
BOSS 4492-55565-828 2011-01-04 0 < 4.25 - - 614.73 Disappeared
Gemini 2016-02-08 0 < 5.76 - - −23.29 Disappeared
085904.59+042647.8 SDSS 1192-52649-291 2003-01-10 781 4.82(0.50) (−18858, −16037) 0.48 1681.90 First observation
BOSS 3817-55277-538 2010-03-22 0 < 1.82 - - 752.67 Disappeared
BOSS 3814-55535-928 2010-12-05 0 < 1.76 - - 660.50 Disappeared
Gemini 2016-02-11 0 < 0.31 - - −13.88 Disappeared
093620.52+004649.2 SDSS 476-52027-442 2001-04-28 0 < 2.47 - - 1864.33 First observation
SDSS 476-52314-444 2002-02-09 925 5.93(0.33) (−17212, −13494) 0.44 1758.82 BAL appearance
BOSS 3826-55563-542 2011-01-02 0 < 0.74 - - 564.33 Disappeared
Gemini 2015-11-10 0 < 1.59 - - 98.90 Disappeared
114546.22+032251.9 SDSS 514-51994-458 2001-04-28 338 3.00(0.32) (−12343, −9448) 0.25 1805.31 First observation
BOSS 4766-55677-50 2011-04-26 0 - - - 581.73 Disappeared
Gemini 2016-03-15 0 - - - −11.96 Disappeared
133211.21+392825.9 SDSS 2005-53472-330 2005-04-12 725 4.92(0.37) (−20999, −17631) 0.40 1241.64 First observation
BOSS 4708-55704-412 2011-05-23 0 < 0.78 - - 509.84 Disappeared
ARC 3.5-m 2015-06-18 0 < 1.36 - - 21.97 Disappeared
142132.01+375230.3 SDSS 1380-53084-13 2004-03-20 846 5.04(0.34) (−16612, −13996) 0.56 1517.63 First observation
BOSS 4712-55738-30 2011-06-26 0 < 1.33 - - 562.95 Disappeared
BOSS 4713-56044-532 2012-04-27 0 < 2.13 - - 456.47 Disappeared
Gemini 2016-03-03 0 < 0.55 - - −56.60 Disappeared
152149.78+010236.4 SDSS 313-51673-339 2000-05-09 825 6.07(0.45) (−23383, −18231) 0.34 1701.54 First observation
SDSS 2953-54560-209 2008-04-04 0 < 1.18 - - 810.49 Disappeared
BOSS 4011-55635-166 2011-03-15 0 < 0.60 - - 478.70 Disappeared
Gemini 2015-04-15 0 < 0.02 - - 18.21 Disappeared
152243.98+032719.8 SDSS 592-52025-254 2001-04-26 309 2.44(0.20) (−14234, −12099) 0.28 1700 First observation
BOSS 4803-55734-442 2011-06-22 0 - - - 463.67 Disappeared
Gemini 2015-04-15 0 - - - −1.33 Disappeared
Cols.: (1) Object name, (2) Observing facility, (3) Plate-MJD-Fiber, (4) Date of Observation, (5) Balnicity Index of the C iv line, (6)
Equivalent width of the C iv line and 1σ error. We provide the 90 per cent confidence upper limits on the EW in cases where the BAL
trough had disappeared. In the cases of SDSS J074650.59+182028.7 and SDSS J085904.59+042647.8, NALs are blended with the
disappearing BAL trough resulting in the over estimation of the EW upper limits. In the cases of SDSS J114546.22+032251.9 and SDSS
J152243.98+032719.8, the bluer portion of the C iv emission in the BOSS and Gemini spectra extends into the BAL–trough wavelength
limits resulting in negative EW; for these cases we do not quote the upper limit on the EW, (7) Maximum and minimum velocities of
the C iv line, (8) The maximum fractional depth of the BAL trough below the continuum averaged over five pixels. In the case of SDSS
J074650.59+182028.7, we excluded the NAL doublets blended with the disappearing C iv BAL trough in the determination of the Max
depth, (9) Gap in rest-frame days between Chandra and corresponding optical observation; a negative sign indicates that the optical
observation has been carried out after the Chandra observation, (10) The status of the BAL trough; First observation - denotes the
first SDSS observation, Disappeared - denotes that the BAL trough is absent in BOSS or Gemini or ARC 3.5-m observation. In the
case of SDSS J093620.52+004649.2, the BAL appeared in the second epoch of SDSS observation.
der to set contemporaneous constraints upon rest-frame UV
BALs and continuum emission to support the interpretation
of our Chandra data. These supporting optical/UV spec-
tral observations were within 1–90 rest-frame days of our
Chandra observations with a median separation of 20 rest-
frame days.
The SDSS observations were carried out using a 2.5-m
Ritchey-Chretien telescope located at the Apache Point Ob-
servatory in New Mexico (Gunn et al. 2006). The fully
reduced spectra were obtained from the publicly avail-
able SDSS Data Release (DR12). The SDSS spectra, in
general, cover a broad wavelength range spanning from
3800–9200 angstrom at a spectral resolution of R≈ 2000.
The BOSS observations used the same telescope as SDSS,
but utilized a different spectrograph with extended wave-
length coverage spanning between 3650–10400 A˚ and an
identical spectral resolution to SDSS (Smee et al. 2013).
The ARC 3.5-m observation of SDSS J133211.21+392825.9
was obtained using the Dual Imaging Spectrograph. We
obtained three exposures of 600 s, using the B400/R300
grating (R∼ 800 and wavelength coverage of 3400–9200 A˚)
with a 1.5′′ slit. The seeing was approximately 1.58′′ on
this night, and the exposures were obtained at a mean air-
mass of 1.198. Spectra of the spectrophotometric standard
MNRAS 000, 000–000 (2018)
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Table 2. X-ray, optical, and radio properties
Object Name (SDSS J) z mi Mi NH Count F0.5–2 keV f2 keV logLX f2500 A˚ logLν αox ∆αox (σ) R
Rate (2–10 keV) (2500 A˚)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14)
074650.59+182028.7 1.92 17.96 −27.36 4.17 1.63+1.27−0.77 0.94+0.79−0.53 4.11+3.43−2.30 44.46 2.24 ± 0.22 31.32 ± 0.10 −1.82+0.10−0.08 −0.14(0.89) <2.17
085904.59+042647.8 1.81 18.74 −26.45 4.11 < 1.0 <0.57 <2.39 <44.18 0.75 ± 0.07 30.80 ± 0.10 <−1.72 <−0.12(0.64) <4.46
093620.52+004649.2 1.72 18.26 −26.81 3.85 4.38+1.72−1.28 2.51+1.24−1.05 10.21+5.05−4.27 44.77 1.15 ± 0.12 30.95 ± 0.10 −1.56+0.07−0.06 0.07(0.41) <2.94
114546.22+032251.9 2.01 19.01 −26.42 2.19 2.54+0.95−0.71 1.40+0.67−0.58 6.31+3.02−2.58 44.68 0.72 ± 0.07 30.87 ± 0.10 −1.56+0.07−0.06 0.06(0.33) <5.74
133211.21+392825.9 2.05 19.01 −26.46 0.89 4.31+1.17−0.94 2.31+0.93−0.86 10.49+4.24−3.89 44.91 0.75 ± 0.08 30.89 ± 0.10 −1.48+0.06−0.06 0.14(0.79) <5.21
142132.01+375230.3 1.78 18.61 −26.54 0.92 1.79+1.05−0.70 0.96+0.63−0.47 3.99+2.63−1.96 44.38 1.02 ± 0.10 30.92 ± 0.10 −1.69+0.09−0.07 −0.07(0.38) <3.66
152149.78+010236.4 2.24 18.45 −27.22 4.24 1.39+0.92−0.59 0.81+0.59−0.42 3.89+2.83−2.02 44.55 2.04 ± 0.21 31.40 ± 0.10 −1.81+0.09−0.07 −0.12(0.79) <3.96
152243.98+032719.8 2.00 18.56 −26.86 3.81 1.39+0.92−0.59 0.80+0.58−0.41 3.57+2.60−1.86 44.43 1.31 ± 0.13 31.12 ± 0.10 −1.75+0.09−0.07 −0.10(0.59) <3.88
Column (1): SDSS J2000 equatorial coordinates. Column (2): Redshift of the quasar (Hewett & Wild 2010). Column (3): Apparent
extinction-corrected i-band magnitude, mi , from the SDSS DR12 quasar catalog (Paˆris et al. 2017). Column (4): Absolute i-band
magnitude, Mi , from the SDSS DR12 quasar catalog (Paˆris et al. 2017). Column (5): Galactic neutral hydrogen column density
obtained with the Chandra COLDEN tool, in units of 1020 cm−2. Column (6): Count rate in the observed-frame soft X-ray band
(0.5 − 2.0 keV), in units of 10−3 s−1, obtained from our Chandra observations. Column (7): Galactic absorption-corrected flux in the
observed-frame soft X-ray band, in units of 10−14 erg cm−2 s−1, obtained from our Chandra observations. The error bars include i)
uncertainty in flux propagated from the count rate and ii) uncertainty due to variability (≈ 30 per cent) based on an estimate from Saez
et al. (2012), which are added in quadrature. Column (8): Flux density at rest-frame 2 keV, in units of 10−32 erg cm−2 s−1 Hz−1,
obtained from our Chandra observations. Column (9): Logarithm of the Galactic absorption-corrected quasar luminosity in the rest
frame 2–10 keV band, obtained from our Chandra observations. Columns (10) and (11): Flux density at rest-frame 2500 A˚ in units of
10−27 erg cm−2 s−1 Hz−1 and the logarithm of the monochromatic luminosity at rest-frame 2500 A˚, respectively, obtained from Shen
et al. (2011). The error bars include i) uncertainty in flux obtained from the pixel errors using a window of 50 pixels centered on
(1+z) 2500 A˚ and ii) uncertainty due to variability (≈ 10 per cent) based on an estimate from MacLeod et al. (2010), which are added
in quadrature. Column (12): The X-ray-to-optical power-law slope as defined in Footnote 2. The errors from f2 keV and f2500 A˚ are
propagated using the numerical method described in section 1.7.3 of Lyons (1991). Column (13): ∆αox as defined in Footnote 2. The
statistical significance of the ∆αox difference from Footnote 2, given in parentheses, is in units of σ, where σ is given in Table 5 of
Steffen et al. (2006) as the RMS αox for various luminosity ranges. Here, σ= 0.198 for 30< logL2500 A˚ < 31 and σ= 0.146 for
31< logL2500 A˚ < 32. Column (14): The radio-loudness parameter is given by f5 GHz/ f4400 A˚ where the denominator, f4400 A˚, was found
via extrapolation from f2500 A˚ using an optical/UV power-law slope of αν =−0.5 (Richstone & Schmidt 1980). The numerator, f5 GHz,
was found using a radio power-law slope of αν =−0.8 and a flux limit at 20 cm, f20 cm, of 0.25 + 3σrms , where σrms is the rms noise of
the FIRST survey at the source position and 0.25 mJy is to account for the CLEAN bias (White et al. 1997). All the upper limits are
well below the commonly used criterion for radio-quiet objects (R < 10).
Table 3. Chandra observation log and X-ray counts
Object Name (SDSS J) ObsID Date Exposure Time Full-Band Cts. Soft-Band Cts. Hard-Band Cts. Band Γeff
(ks) (0.5–8.0 keV) (0.5–2.0 keV) (2.0–8.0 keV) Ratio
(1) (2) (3) (4) (5) (6) (7) (8) (9)
074650.59+182028.7 17021 2015 Dec 03 2.54 9.51+4.21−3.04 4.15
+3.22
−1.95 5.46
+3.50
−2.27 1.32
+1.02
−0.69 0.67
+0.72
−0.54
085904.59+042647.8 17023 2016 Jan 04 3.92 3.09+2.99−1.69 < 4.07 2.13
+2.72
−1.36 > 0.52 < 1.56
093620.52+004649.2 17022 2015 Mar 16 2.61 13.76+4.82−3.67 11.44
+4.50
−3.33 2.15
+2.72
−1.36 0.19
+0.24
−0.13 2.55
+1.06
−0.80
114546.22+032251.9 17029 2016 Feb 09 4.91 16.88+5.22−4.08 12.46
+4.64
−3.49 4.30
+3.27
−2.01 0.34
+0.28
−0.18 1.93
+0.70
−0.57
133211.21+392825.9 17028 2015 Aug 24 4.83 25.48+6.13−5.02 20.84
+5.65
−4.53 4.35
+3.27
−2.01 0.21
+0.16
−0.10 2.38
+0.64
−0.55
142132.01+375230.3 17027 2015 Oct 07 3.49 7.38+3.86−2.66 6.24
+3.65
−2.43 < 4.26 < 0.68 > 1.25
152149.78+010236.4 17026 2015 Jun 12 3.73 6.29+3.67−2.46 5.18
+3.44
−2.20 < 4.23 < 0.82 > 1.13
152243.98+032719.8 17024 2015 Apr 12 3.73 11.62+4.53−3.37 5.18
+3.44
−2.20 6.56
+3.71
−2.50 1.27
+0.88
−0.61 0.70
+0.64
−0.50
Column (1): The SDSS J2000 equatorial coordinates for the quasar. Column (2): Chandra observation ID. Column (3): Date of
observation of the target with Chandra. Column (4): Background-flare cleaned effective exposure time. Columns (5), (6), (7): The
X-ray data analysis was carried out using the procedure in Luo et al. (2015). Errors on the X-ray counts were calculated using Poisson
statistics corresponding to the 1σ significance level using Gehrels (1986). A source is considered undetected if the PB value, defined via
Equation (3) in Section 3.1, in a band is > 0.01, in which case an upper limit on the source counts was derived. Column (8): Band ratio
is the hard band to soft band ratio. Column (9): The effective power-law photon index, Γeff.
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star Feige 66 were also obtained for flux-calibration and re-
moval of atmospheric absorption, and HeNeAr lamps were
used for wavelength calibration. These spectra were bias and
flat-field corrected, wavelength and flux-calibrated, and cor-
rected for atmospheric extinction using standard IRAF3 pro-
cedures. The Gemini observations were obtained using the
Gemini Multi-Object Spectrograph (GMOS) on the 8.1-m
Gemini North Cassegrain telescope situated on the sum-
mit of Mauna Kea, Hawai’i (Hook et al. 2004). The data
were collected during the Gemini 15A, 15B, and 16A ob-
serving cycles. The spectral wavelength coverage for the
Gemini data spans a narrower range than SDSS, extending
from 3200–6000 A˚. The exposure times for our Gemini ob-
servations range between 1168–2408 s with a mean expo-
sure time of ≈ 1626 s. The Gemini data were reduced using
the IRAF Gemini GMOS package and standard reduction
methods. Each object was flux calibrated using spectropho-
tometric standard stars from the Gemini archive, most of
which were not taken on the same night as our spectra.
To compare the Gemini spectra to BOSS and SDSS, Equa-
tion 3 of Morton (1991) was used to convert the observed
Gemini air wavelengths (in A˚) and flux densities to the vac-
uum wavelength system of SDSS and BOSS. Table 1 pro-
vides a summary of the optical observations of these eight
sources.
3 DATA ANALYSIS
3.1 Chandra X-ray data analysis
The X-ray analysis of our Chandra Cycle 16 tar-
gets was performed using the Chandra Interactive Analy-
sis of Observations (CIAO version 4.10) tools and CALDB
version 4.7.9.4 Each source was reprocessed using the
chandra repro script to apply the latest calibration. Back-
ground flares were removed using the deflare script with
an iterative 3σ clipping algorithm. The final cleaned expo-
sure times are listed in Table 3. Images in the 0.5–8 keV
(full), 0.5–2 keV (soft), and 2–8 keV (hard) bands were cre-
ated for each source using the standard ASCA grade set
(ASCA grades 0, 2, 3, 4, and 6). The images were searched
for X-ray sources using wavdetect (Freeman et al. 2002)
with a“
√
2 sequence”of wavelet scales (i.e., 1, 1.414, 2, 2.828,
and 4 pixels) and a false-positive probability threshold of
10−6. If a source is detected in at least one band, then the
wavdetect position closest to the source’s SDSS position
is chosen to be the X-ray position.
The X-ray-to-optical positional offsets for the targets
are small, and all of the eight sources are detected within
1′′ of their SDSS positions. Aperture photometry was used
to extract source counts in each of the three energy bands. A
circular aperture with 2′′-radius centered on the X-ray posi-
tion and corresponding to encircled-energy fractions (EEFs)
of 0.939, 0.959, and 0.907 in the full, soft, and hard bands,
respectively, was used to extract the source counts. Back-
ground counts were extracted from within an annular region
of inner radius 10′′ and outer radius 40′′.
3 IRAF is distributed by the National Optical Astronomy Obser-
vatory, which is operated by the Association of Universities for
Research in Astronomy (AURA) under a cooperative agreement
with the National Science Foundation.
4 See http://cxc.harvard.edu/ciao/ for details on CIAO.
In order to assess the significance of the source signal
(e.g. Broos et al. 2007; Xue et al. 2011; Luo et al. 2013), a
binomial no-source probability, PB, defined as
PB(X ≥ S) =
N∑
X=S
N!
X!(N − X)! p
X (1 − p)N−X (3)
was computed. Here, S denotes the total number of counts in
the source-extraction region; N = S+B, where B denotes the
total number of counts in the background-extraction region;
p = 1/(1+BACKSCAL), where BACKSCAL is the ratio of the
area of the background region to that of the source region. PB
is the probability of detecting the source counts by chance,
assuming that there exists no real source at the location of
interest.
A source is considered detected if the PB value in a band
is ≤ 0.01, corresponding to a ≥ 2.6σ detection. We note that
the chosen threshold for PB is warranted in our case as the
position of interest is precisely specified in advance; there-
fore, only a single position needs to be considered in the
source detection. Owing to the unmatched X-ray imaging
capability of Chandra, the background in a source cell is very
small. For example, the background is ≈ 0.1 counts for the
3-count source, SDSS J085904.59+042647.8. Given the low
background of Chandra, a 3-count source at a pre-specified
position is a highly significant detection for short exposures
of ≈ 4 ks (e.g. Shemmer et al. 2006; Vignali et al. 2006; Kelly
et al. 2007; Luo et al. 2015; see Equation 3). The 1σ errors
on the net counts were derived from the 1σ errors on the ex-
tracted source and background counts (Gehrels 1986) using
the prescription in Section 1.7.3 of Lyons (1991). A source
is considered undetected when the PB value is larger than
0.01; in such cases an upper limit on the source counts was
derived using the Bayesian approach of Kraft et al. (1991)
at a 90 per cent confidence level.
Referring to Table 2, we obtained the Galactic
absorption-corrected flux in the observed-frame soft X-ray
band, F0.5–2 keV, the flux density at rest-frame 2 keV,
f2 keV, and the logarithm of the Galactic absorption-
corrected quasar luminosity in the rest-frame 2−10 keV band
using the Chandra Portable, Interactive, Multi-Mission Sim-
ulator (PIMMS)5 tool (version 4.8c) with the Chandra Cycle
16 instrument response, which accounts for the decrease in
instrument efficiency with time; this calculation assumes an
absorbed power-law model with a photon index Γ= 2, which
is typical for quasars and consistent with our data (see Sec-
tion 4.2). The errors on F0.5–2 keV arise from i) flux uncer-
tainty, which is propagated based on the error on the counts
and ii) variability of the BAL quasar, for which we adopt
a value of the X-ray variability amplitude of ≈ 30 per cent
determined from Saez et al. (2012). We find that the flux
uncertainty is the dominant of the two error sources, and
the total uncertainty is obtained by adding these two errors
in quadrature. The f2 keV error is obtained by propagation
of the error on F0.5–2 keV. The flux density at rest-frame
2500 A˚ is obtained from Shen et al. (2011). The errors on
f
2500 A˚
include i) flux uncertainty, obtained from the pixel
errors using a window of 50 pixels centered on (1+ z) 2500 A˚
and ii) variability of the BAL quasar, for which we adopt
5 http://cxc.harvard.edu/toolkit/pimms.jsp.
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a value of the optical/UV variability amplitude of ≈ 10 per
cent determined from MacLeod et al. (2010). We find that
the error due to variability of the quasar is the dominant of
the two error sources, and the total uncertainty is obtained
by adding these two errors in quadrature. We have also de-
rived the band ratio, defined as the hard band to soft band
ratio, and the errors on the band ratio, which were calculated
using Equation (1.31) in Section 1.7.3 of Lyons (1991), corre-
sponding to 1σ significance. Subsequently, we have derived
a 0.5–8 keV effective power-law photon index (Γeff) for each
source using the band ratio between the hard-band and soft-
band counts. The effective power-law photon index is mea-
sured using PIMMS assuming a Galactic-absorbed (Dickey
& Lockman 1990) power-law spectral model for each source.
Table 3 lists the source counts, band ratios, and Γeff values
for our quasars.
3.2 Optical/UV data analysis
3.2.1 Continuum fitting and normalization
A number of operations were performed on the 28
spectra (listed in Table 1) prior to conducting continuum
fits. The SDSS data-processing algorithm flags pixels that
have significant residuals near prominent night-sky lines.
The “BRIGHTSKY” mask column was examined, and such
flagged pixels were removed from each spectrum (this step is
not applicable to the spectra obtained from the Gemini and
ARC 3.5-m telescopes). The spectra were then corrected for
Galactic extinction using a Milky Way extinction model
(Cardelli et al. 1989) for RV = 3.1 using AV values from
Schlafly & Finkbeiner (2011). Observed wavelengths were
translated to the rest-frame using redshifts from Hewett &
Wild (2010).
Preceding studies on BAL variability have modeled
the underlying continuum using a variety of models such
as power-law fits, reddened power-law fits, and polynomial
fits. Following Gibson et al. (2009; G09), we have em-
ployed a reddened power-law to define the underlying con-
tinuum. Hopkins et al. (2004) reported that the intrinsic
dust reddening in quasar spectra can be better modeled
by Small-Magellanic-Cloud-like (SMC-like) reddening com-
pared to Large Magellanic Cloud or Milky Way models. The
continuum is thus reconstructed with an intrinsically red-
dened power-law model using the SMC-like reddening from
Pei (1992). This model is defined by the three parameters
of power-law normalization, power-law spectral index, and
intrinsic-absorption coefficient.
Following the technique of G09, six relatively line-free
(hereafter, RLF) windows were used to fit a continuum
model, subject to the condition that the spectrum has the
relevant spectral coverage. The “canonical” RLF regions
were 1250–1350 A˚, 1700–1800 A˚, 1950–2200 A˚, 2650–2710 A˚,
2950–3700 A˚, and 3950–4050 A˚. To account for the span of
line-free regions that in certain cases are of significantly dif-
fering lengths, each pixel was weighted to ensure that each
of the RLFs contributed equally to the continuum fit. The
continuum function was iteratively fitted to the RLFs using
the Levenberg-Marquardt least-squares minimization proce-
dure (Markwardt 2009) which involves rejecting data points
that deviate by more than 3σ from the fit within the RLF
windows. These steps were redone until the fit parameters
converged. We present two spectra (see Fig. 2) with the con-
tinuum fits overlaid. The fit quality in the RLF regions is es-
timated using the reduced chi-squared statistic, χ2ν . For the
evaluation of χ2ν , we binned the spectra by the correspond-
ing resolution element to avoid the contribution of correlated
noise. Each spectral epoch was divided by its corresponding
best continuum fit to obtain the normalized spectrum which
is then used to obtain the measurements of BAL properties
as discussed in Section 3.2.2. The normalized spectra for
one representative transforming BAL quasar are shown in
Fig. 3. Each spectrum was visually inspected to check if the
fit appears appropriate in the RLF regions, and in the re-
gion between 1300–1900 A˚ where C iv, S iv, and Al iii BALs
are expected to be detected. If a fit was deemed inappro-
priate, additional processing was done to obtain acceptable
fits. These steps included removing the sigma-clipping algo-
rithm to prevent useful RLF windows from being “clipped”
away, using a subset of the RLF windows, using smaller in-
tervals within the RLF windows, and including additional
RLFs of 1350–1380 A˚ and/or 1410–1440 A˚ that appeared
free of absorption (these windows are devoid of strong emis-
sion and absorption in general and are a good representation
of the underlying continuum). Given that we do not asso-
ciate continuum-fit parameters with any physical meaning,
the use of these alternative steps does not result in loss of
information for further analysis. Such additional processing
was needed for 7 of the 28 spectra presented in Fig. 3.
We estimated the uncertainties in the continuum fits us-
ing “flux randomization” Monte Carlo simulations (e.g. Pe-
terson et al. 1998) so as to vary the flux in each pixel of
the spectrum by a random Gaussian deviate based on the
spectral uncertainty. The continuum was then fit to the new
spectrum and the process repeated 100 times. The standard
deviation of the 100 iterations was adopted as the uncer-
tainty of the continuum fit and used in the evaluation of
uncertainty on the EW (see Equation 6).
3.2.2 Measurements of BAL properties
Following the sequence of steps in the preceding section,
each normalized spectrum was smoothed using the Savitzky-
Golay (SG) algorithm (Savitzky & Golay 1964). The SG
parameters were chosen to perform local linear regression on
three consecutive data points to remove artifacts originating
from noise and preserve the trends of slow variations. Such
smoothed spectra are used to detect the presence (or lack)
of C iv BALs.
Each smoothed spectrum was searched for absorption
troughs reaching a level of ≥ 10 per cent below the contin-
uum, following the conventional definition of BAL and mini-
BAL troughs (Weymann et al. 1991). The trough width is
determined by the velocities corresponding to the shortest
and the longest wavelengths for a given trough, vmax and
vmin, respectively. The detected features were sorted into
mini-BAL troughs (500–2000 km s−1 wide) and BAL troughs
(≥ 2000 km s−1 wide). We measured the rest-frame BI, EW,
and EW uncertainties from the unsmoothed data. The C iv
BI of each spectrum is calculated using the BI definition of
Weymann et al. (1991):
BI ≡
∫ −25000
−3000
(
1 − f (v)
0.9
)
Cdv (4)
The units of BI are km s−1, where f (v) is normalized flux
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Figure 2. The continuum fits are shown as dashed lines for two representative cases (having an ARC 3.5-m observation and a Gem-
ini observation) of transforming BAL quasars. The reduced chi-squared statistic, χ2ν , is provided to indicate the fit quality in the RLF
regions. The gray shaded areas indicate the RLF regions used to obtain the continuum fit. The horizontal black solid line extends over
the range of the C iv BAL region in the first SDSS spectrum; the BAL feature is not seen in the subsequent BOSS and Gemini spectra
as indicated by the corresponding black horizontal dotted lines. The median error bar on the flux density is shown at the bottom-right
of each spectrum.
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Figure 3. The normalized optical spectra of a representative transforming BAL quasar. The gray shaded areas indicate the RLF regions
used to obtain the continuum fit. The horizontal black solid line extends over the range of the C iv BAL region in the first SDSS spectrum;
the BAL feature is not seen in the subsequent BOSS and Gemini spectra as indicated by the corresponding black horizontal dotted lines.
The median error bar on the normalized flux density is shown at the bottom-right of each spectrum. The complete figure set (8 images
showing 28 spectra in total) for all the transforming BAL quasars is available online.
density as a function of velocity and C takes a value of 1.0
only where a trough is wider than 2000 km s−1, and is 0.0
otherwise.
In addition, the rest-frame equivalent width (EW) for
each BAL trough in units of A˚ is calculated; note that 1 A˚
corresponds to ≈ 200 km s−1 in the C iv absorption region.
The EW was measured following:
EW =
∑
i
(
1 − Fi
Fc
)
Wi (5)
and the uncertainty on the EW
σEW =
√√[∑
i
∆Fci
Fci
(
WiFi
Fci
)]2
+
∑
i
(
Wi∆Fi
Fci
)2
(6)
Wi is the bin width in units of A˚, Fi and ∆Fi denote the flux
and the error on the flux in the ith bin, Fci is the underlying
continuum flux in the ith bin, and ∆Fci is the uncertainty in
the continuum flux.
We tested for agreement of the BI, EW, and velocity
width values estimated in the current study with those of
Filiz Ak et al. (2012) for SDSS I/II/III spectra by calculating
the mean difference and the RMS scatter in the differences.
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The average differences of the BI, EW, and velocity width
values are less than three times the RMS scatter, indicat-
ing there is no evidence for a systematic deviation between
the methods. The reasons for slight variations between our
values and those from Filiz Ak et al. (2012) could be differ-
ences in continuum fitting (e.g. RLF window selection, pixel
weighting, etc.). We provide the 90 per cent confidence up-
per limits on the EW for the BAL troughs that have dis-
appeared. The upper limits are estimated assuming a mul-
tiplicative model based on the observed profile of the BAL
trough before it disappeared using the method described in
Section 15.6 of Press et al. (2007).
We find that the C iv BAL troughs that had previously
disappeared remained absent in the latest observations, and
no other BALs emerged. Our objects have thus remained
normal non-BAL quasars (refer to Table 1).
3.2.3 Notes on individual objects
J074650.59+182028.7 : the SDSS, BOSS, and Gem-
ini spectra contain Narrow Absorption Line (NAL; velocity
widths ≤ 500 km s−1) doublets from C iv that are blended
with the disappearing C iv BAL trough.
J085904.59+042647.8 : spectra contain a narrow
C iv system that is blended with the disappearing C iv BAL
trough.
J093620.52+004649.2 : spectra show the emergence of
a C iv BAL trough within a period of . 105 days in the rest
frame between the two SDSS observations. The BOSS spec-
trum revealed that this same trough has disappeared over a
period of . 3.3 rest-frame years. From our contemporaneous
Gemini observations, we observe that the BAL trough has
remained absent for at least 1.3 rest-frame years.
J114546.22+032251.9 : spectra show the presence of de-
tached C iv NAL doublets not overlapping with the disap-
pearing C iv BAL trough in all the epochs of observation.
J133211.2+392825.9 : the SDSS spectrum of
J133211.2+392825.9 shows the presence of a weak ab-
sorption component at 1504.6–1510.1 A˚ in the rest frame
that does not satisfy the 2000 km s−1 minimum-width
criterion to be considered as a BAL.
4 RESULTS
The optical/UV spectral analysis demonstrates that the
BAL troughs have remained absent in the new Gemini and
ARC 3.5-m observations, indicating that material capa-
ble of producing such UV absorption is generally absent
from our line-of-sight. Our Chandra observations can test
if the X-ray characteristics also show similar behavior; i.e.,
a lack/weakening of X-ray absorption. We investigate this
question by comparing the distributions of ∆αox for different
BAL populations (Section 4.1), by carrying out joint spectral
analysis (Section 4.2), and by constructing the Spectral En-
ergy Distributions (SEDs) of our transforming BAL quasars
and comparing them with BAL and non-BAL populations
(Section 4.3).
4.1 Distributions of αox and ∆αox
Previous X-ray studies of absorbed BAL quasars (e.g.
Green & Mathur 1996; Gallagher et al. 2006; Gibson et al.
2009) have used X-ray-to-optical spectral slopes to assess
the X-ray continuum level. Several studies (e.g. Brandt et al.
2000; Gallagher et al. 2006; Wu et al. 2010) have reported
correlations of properties such as BI and C iv EW with
αox and ∆αox.
Fig. 4 displays a comparison of αox and ∆αox for differ-
ent BAL quasars. For comparison, a combination of AGN
samples from Steffen et al. (2006; S06) and J07 are shown; a
strong anti-correlation of αox with L2500 A˚ is visible, as indi-
cated by the black line in Fig. 4. We therefore used ∆αox to
compare the different BAL quasar types in order to remove
the long-established luminosity dependence of αox; note that
a quasar with given ∆αox is X-ray weak compared to the av-
erage quasar by a factor of fweak ≈ 403−∆αox . We compared
the ∆αox distribution of our transforming BAL quasars with
those of optically selected HiBAL quasars (42 in number
taken from G09, 10 from Fan et al. 2008; F08, and 6 from
Stalin et al. 2011; S11), LoBAL quasars (8 in number also
taken from G09, 3 from F08) and non-BAL quasars (132 in
number taken from Gibson et al. 2008; G08). For one of the
objects from S11, we derived the f2 keV and subsequently
∆αox from Chen et al. (2018), as this source only had an
X-ray upper limit in the shallower X-ray data used by S11.
We also constructed a subset-HiBAL population based on
the BI values for our transforming BAL quasars in their
earliest epoch of observation. The BI values for our trans-
forming BAL quasars have a median value of 803 km s−1 and
a range of 309–1260 km s−1 (refer to Table 1). We chose Hi-
BAL quasars within this same matched BI range from G09
(10 HiBALs), F08 (2 HiBALs), and S11 (2 HiBALs) and
compared the ∆αox distribution of our transforming BAL
quasars with those of the 14 chosen HiBAL quasars (we de-
fine these objects as HiBALs∗).
The ∆αox parameter in the case of our target
J085904.59+042647.8 is an upper limit; similarly, some of
the quasars in our comparison sets have ∆αox upper limits.
Hence, we apply statistical methods that can recover infor-
mation from censored data (e.g. Feigelson & Babu 2012).
The survfit function in R was used to compare the ∆αox dis-
tributions with the modified Peto-Peto test (Peto & Peto
1972). When comparing the transforming BAL quasars and
non-BALs, the p-value is 0.630± 0.006, indicating that the
difference between the two sets is not statistically signifi-
cant.6 We find the transforming BALs have a statistically
significant difference from HiBALs and LoBALs with p-
values of 0.040± 0.004 and 0.0015± 0.0001, respectively. Fur-
thermore, our transforming BAL quasars show a statistically
significant difference from the HiBALs∗ with a p-value of
0.039± 0.004. Thus, transforming BAL quasars do not ap-
pear to arise from the same population as HiBALs∗, HiBALs
and LoBALs.
We also calculated the mean values of ∆αox for the dif-
ferent BAL-quasar types discussed above using the Kaplan-
Meier estimator (implemented using the survfit function
in R). The transforming BAL quasars have a mean
∆αox value of −0.043± 0.028, which is consistent with the
mean ∆αox value of −0.007± 0.011 for non-BAL quasars.
In comparison, the mean ∆αox values for HiBALs∗, Hi-
6 We estimated the standard error of the mean for the p-values
using the method of nonparametric bootstrapping (Babu & Singh
1983) in order to determine how the p-value depends on plausible
random variations in the observations by carrying out random
sampling from within the dataset using 1000 replicates.
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Figure 4. Left panel: X-ray-to-optical power-law slope (αox) vs. monochromatic luminosity at rest frame 2500 A˚ for our transforming
BAL quasar sample (squares and a downward arrow). Other samples in the figure are non-BALs from G08, shown as black dots, a
combination of AGN samples from S06 and J07 shown as gray dots and gray downward arrows, and those of HiBALs, HiBALs∗, and
LoBALs taken from G09, F08, and S11. The solid line represents the best-fit relation between αox and L2500 A˚ from J07. The median
uncertainties of αox and L2500 A˚ for our transforming BAL quasars are shown as gray error bars in the top-right of the panel. Right panel:
Distribution of ∆αox for our transforming BAL-quasar sample (red-shaded histogram and red leftward arrow) compared with that of the
132 non-BALs from G08, and those of optically selected HiBALs, HiBALs∗, and LoBALs taken from G09, F08, and S11. The vertical
dashed line indicates ∆αox = 0.
BALs, and LoBALs are −0.238± 0.050, −0.303± 0.028, and
−0.587± 0.033, respectively.
4.2 Joint spectral fitting of transforming BAL
quasars
The objects in our study have a total of 94 counts, and
individually they have too limited numbers of X-ray photons
to enable reliable individual spectral fitting. In order to set
a useful constraint on the average power-law photon index
of these eight sources as an ensemble, joint spectral fitting
was performed. Before performing this group analysis, the
spectrum of each individual source and its background was
extracted using the CIAO SPECEXTRACT script within
a circular aperture of 4′′ radius centered on the X-ray posi-
tion. The background spectrum was extracted from an an-
nular region free of X-ray source contamination with inner
radius 10′′ and outer radius 40′′. Joint spectral analysis of
the eight transforming BAL quasars was performed with
XSPEC (version 12.10.0; Arnaud 1996) using the C-statistic
(Cash 1979) which is appropriate to the low-count scenario
of our analysis (e.g. Nousek & Shue 1989). The X-ray spec-
trum for each source was sampled in order to have at least
one count per energy bin. This procedure was carried out to
avoid zero-count bins while permitting retention of all spec-
tral information. The fitting was done with a simple model
consisting of a power law and Galactic absorption, permit-
ting each source to be assigned its own Galactic column
density. The quoted errors are at the 68 per cent confidence
level for one parameter of interest. The best-fit photon in-
dex is Γ= 1.69+0.25−0.25 (C-statistic = 70.04 using 85 bins), which
is consistent with the typical photon index Γ ≈ 1.8–2.0 for
radio-quiet quasars (e.g. Reeves et al. 1997; Page et al. 2005;
J07; Shemmer et al. 2008; Scott et al. 2011).7 BAL quasars,
on the other hand, are known to be X-ray absorbed and
are generally found to exhibit harder X-ray spectra due to
the paucity of low-energy X-rays, leading to smaller values
of effective photon index. Their effective photon indices are
typically Γ= 0–1.4, with a mean value of Γ ≈ 1. For exam-
ple, if we stack the 35 LBQS BAL quasars in Gallagher et al.
(2006), we derive an average Γ= 1.05+0.22−0.15 which is inconsis-
tent with the mean value for our transforming BAL quasars
of Γ= 1.69+0.25−0.25.
We also joint fit our spectral data with a model
incorporating neutral intrinsic absorption adopting
the individual redshift of each source. This model re-
turned an intrinsic column density consistent with zero
(NH < 0.77 × 1022 cm−2, 90 per cent confidence upper limit).
Typically, BAL quasars show stronger X-ray absorption
than this upper limit with column densities of order
NH ∼ 1023 cm−2 (e.g. Green & Mathur 1996; Mathur et al.
2000; Green et al. 2001; Gallagher et al. 2002, 2006; Grupe
et al. 2003).
4.3 IR-to-X-ray spectral energy distributions
Normalized SEDs in the infrared-to-X-ray regime for
our targets are presented in Fig. 5. The data were collected
from the Wide-field Infrared Survey Explorer (WISE), Two
7 We also checked if our fit is strongly affected by the brightest
sources in our sample. For example, we find the best-fit pho-
ton index to be Γ= 1.65+0.32−0.32 with the brightest object (SDSS
J133211.21 + 392825.9) removed. Although the uncertainties be-
come larger, the best-fit photon index remains consistent with
those of typical radio-quiet quasars.
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Figure 5. Combined SEDs of the eight transforming BAL
quasars. The IR-to-X-ray SED data are from WISE (dots),
2MASS (downward arrow), SDSS (stars), GALEX (triangle), and
Chandra (diamond). The median errors in each band are pre-
sented inset. The horizontal segment represents the Chandra
bandpass in the rest frame at the average redshift (z = 1.94) of
our targets. Galactic extinction has been accounted for in each
band. All of our targets have been normalized to the composite
SED (dashed line) of optically luminous quasars (Richards et al.
2006) at 3000 A˚ (corresponding to 1015 Hz). The vertical dashed
line at 2.47 ×1015 Hz corresponds to the Lyα line. The thick solid
line represents the mean SED of BAL quasars from Gallagher
et al. (2007). All of our targets are comparable in X-ray intensity
to the mean SED of normal quasars and show significant excess
X-ray emission relative to the mean SED of BAL quasars.
Micron All Sky Survey (2MASS), SDSS, Galaxy Evolution
Explorer (GALEX ), and Chandra.
The near-infrared portion of the SEDs were constructed
using the WISE observations in four bands centered at 3.4,
4.6, 12, and 22 µm. All of our transforming BAL quasars
have detections in these bands. The flux densities of our
targets were calculated from WISE Vega magnitudes with
the application of color corrections (Wright et al. 2010).
All of our eight targets were undetected in the 2MASS
near-infrared bands: J (1.25 µm), H (1.65 µm), and Ks
(2.16 µm). For these targets, a 2MASS sensitivity, S/N = 3,
was used to estimate the flux-density limit in each of the
bands. For the GALEX data, we have used only the NUV
data (not including any FUV data), and all of our targets
have detections in the GALEX NUV band; however, the
data points from the GALEX NUV band and the SDSS u-
band for quasars with redshifts above ≈ 0.86 and 1.91 are
affected by Lyα forest absorption which introduces addi-
tional systematic uncertainty in their SED values because of
its presence at wavelengths shortward of rest-frame 1216 A˚.
The X-ray and optical data analysis have been discussed
earlier in Sections 3.1 and 3.2, respectively. We compare
the mean SED of optically luminous SDSS quasars from
Richards et al. (2006) with those of transforming BAL
quasars in Fig. 5. The SEDs of our targets have been scaled
to the Richards et al. (2006) mean SED at rest frame 3000 A˚
(corresponding to a frequency of 1015 Hz), and they are
broadly in agreement in the infrared-to-UV regime with the
mean SED for quasars.
We have also compared the SEDs of our transforming
BAL quasars with the typical SED of BAL quasars. The
blue solid line in Fig. 5 represents the mean SED of BAL
quasars from Gallagher et al. (2007). The flux densities at
2 keV closely resemble the SED of normal quasars and are
relatively higher than the mean SED of BAL quasars, pro-
viding confidence that our transforming BAL-quasars are
similar to non-BAL quasars. This SED-based approach thus
vindicates our use of αox and ∆αox in Section 4.1.
5 SUMMARY, DISCUSSION, AND FUTURE
WORK
In this paper, we have presented X-ray and multiwavelength
investigations of the nature of a sample of eight SDSS BAL
quasars that transformed into non-BAL quasars. The key
points of this work are the following:
(i) We obtained Chandra exploratory (2.5–4.9 ks) observa-
tions of all eight transforming BAL quasars. We measured
their basic X-ray, optical, and radio properties. See Sec-
tion 3.1 and Table 2.
(ii) We acquired new optical/UV spectral epochs from the
Gemini and ARC 3.5-m telescopes to provide contempo-
raneous constraints upon rest-frame UV BAL absorption
and continuum emission, aiding the interpretation of our
Chandra data. These spectral data reveal that the BAL
troughs that disappeared remain absent in all quasars. See
Section 3.2.
(iii) We compared the αox and ∆αox distributions of our
transforming BAL quasars with those for samples of BAL
and non-BAL quasars to determine which they resemble,
using statistical tests. Our analysis shows that the trans-
forming BAL quasars are akin to non-BAL quasars. See Sec-
tion 4.1.
(iv) We performed joint X-ray spectral fitting in order to set
a constraint on the effective power-law photon index of these
sources as an ensemble and obtained a best-fit photon index
of Γ= 1.69+0.25−0.25. This value is consistent with that expected
for typical radio-quiet quasars and is steeper than expected
for most BAL quasars. We also find no evidence for intrinsic
X-ray absorption on average. See Section 4.2.
(v) We constructed IR-to-X-ray continuum SEDs for the
transforming BAL quasars. The transforming BAL quasars
are similar to non-BAL quasars in their overall SED contin-
uum properties, but not to BAL quasars. See Section 4.3.
Overall, our Chandra SED and spectral results indicate that
any X-ray absorbing material largely moved out of our line-
of-sight when these quasars transformed from BAL to non-
BAL quasars. In the context of the shielding-gas model (see
Section 1), such a reduction in the amount of X-ray absorp-
tion could arise due to accretion-disk rotation or physical
restructuring of the shielding material; this change would
allow increased X-ray and EUV radiation to reach the wind
material producing the UV BALs. A sufficient correspond-
ing increase in the ionization level of this material could
lead to the observed disappearance of the UV BALs, ow-
ing to reductions in the relevant ion column densities. This
scenario of changes in the amount of shielding also naturally
explains the coordinated variations of BAL-trough strengths
established even for distinct C iv BAL troughs separated by
thousands of km s−1 (e.g. Filiz Ak et al. 2012, 2013; De Ci-
cco et al. 2018). Absorption components from C iv that are
widely separated in velocity, and thus arise in different lo-
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cations along the line of sight, could still all respond in a
coordinated manner to changes in the incident X-ray/EUV
flux.
Our Chandra results can also be interpreted in the
context of models that invoke wind clumping, rather than
shielding gas, to prevent overionization of the material pro-
ducing the UV BALs (see Section 1). In this scenario, the
X-ray absorption and UV BALs arise in the same, or closely
related, material, so the observed coordinated variations of
the X-ray absorption and UV BALs are expected. Current
clumping-based models do not provide an obvious mecha-
nism for explaining the observed coordinated variations of
distinct C iv BAL troughs widely separated in velocity and
location, but further development of these models may pro-
vide a mechanism.
There are several avenues by which our work might be
advanced observationally. Since the investigation of Filiz Ak
et al. (2012) that identified the transforming BAL quasars
studied here, additional examples of such objects have been
found. In particular, De Cicco et al. (2018) have recently
identified 30 transforming BAL quasars in their system-
atic analysis of a large SDSS quasar sample, and these ob-
jects could be efficiently targeted in X-rays to improve our
sample size. Furthermore, the objects studied in this pa-
per should continue to be monitored with optical/UV spec-
troscopy to search for any re-emergence of the BALs that
disappeared; examples of such re-emergence have been dis-
covered in other BAL quasars (e.g. McGraw et al. 2017;
Rogerson et al. 2018). If such re-emergence events are found,
then prompt X-ray observations could search for a corre-
sponding increase of X-ray absorption, thereby further ex-
amining the connection between X-ray absorption and UV
BAL variability. Higher cadence optical/UV spectroscopy of
BAL-disappearance events could also place novel constraints
upon the nature of this variability and the radial location of
the BAL material.
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